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Face centered cubic SnSe as a Z2 trivial Dirac nodal line material
Ikuma Tateishi and Hiroyasu Matsuura
Department of Physics, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
The presence of a Dirac nodal line in a time-reversal and inversion symmetric system is dictated by the Z2 index when
spin-orbit interaction is absent. In a first principles calculation, we show that a Dirac nodal line can emerge in Z2 trivial
material by calculating the band structure of SnSe in a face centered cubic lattice as an example. We qualitatively show
that it becomes a topological crystalline insulator when spin-orbit interaction is taken into account. We clarify the origin
of the Dirac nodal line by obtaining irreducible representations corresponding to bands and explain the triviality of the
Z2 index. We construct an effective model representing the Dirac nodal line using the k·p method, and discuss the Berry
phase and a surface state expected from the Dirac nodal line.
Electronic states protected by a combination of crystal
symmetries and topology have attracted much interest in the
field of material science. A Dirac electron system in a ma-
terial is one of these protected electronic states, and its elec-
tronic state has been studied using first principles calculations
and many experiments. Recently, a new kind of semimetallic
state called a Dirac nodal line has attracted attention, in which
massless Dirac points (or nodes) form a continuous line in the
energy-momentum space across the Fermi energy. For exam-
ple, the existence of a Dirac nodal line has been suggested in
Cu3NPd,1) CaTe,2) Ca3P2,3) and Ca4) based on first principles
calculations. Experimentally, it has been confirmed in some
materials using photoemission spectroscopy.5, 6) The proper-
ties of a Dirac nodal line without spin-orbit interaction are
related to those with spin-orbit interaction.7) Therefore, un-
derstanding Dirac nodal lines without spin-orbit interaction
can contribute to an understanding of the topological proper-
ties of systems with spin-orbit interaction.
Generally, a Dirac nodal line lies on general points in the
Brillouin zone (BZ). Thus, in order to find the Dirac nodal
line, it is necessary to check the entire BZ using a first prin-
ciples calculation. However, this is costly in terms of time.
Therefore, an alternative method that uses only the infor-
mation of high symmetry points is desirable. For systems
with time-reversal (TR) symmetry and inversion symmetry,
a method using the Z2 index was proposed.1) [This Z2 index
is the same as that of topological insulators with TR and inver-
sion symmetry.8)] In general, when a system has the TR and
inversion symmetry and does not have spin-orbit interaction,
a point node (or Dirac point) cannot exist.9) However, when
such a system has a non-trivial Z2 index, it has been shown
that the Dirac nodal line exists, and the system is semimetal-
lic.
The detailed relationship between the Z2 index and the
Dirac nodal line is as follows. When spin-orbit interaction
is absent, the Z2 index νi is obtained by (−1)νi = exp(iγi),
where γi is the Berry phase defined on a TR invariant loop
that goes through four specific time-reversal invariant mo-
menta (TRIM). When this TR invariant loop is penetrated by
a single nodal line, the Berry phase is π. In the same way,
when the TR loop is penetrated by two nodal lines, the Berry
phase becomes 2π, which results in a trivial Z2 index. There
are many materials with Dirac nodal lines protected by non-
trivial Z2 indices.7) The topological properties of these sys-
tems have been discussed for the case where spin-orbit inter-
action is taken into account.7) On the other hand, there are few
materials with Dirac nodal lines and trivial Z2 indices. Ca4) is
one of these materials. However, the topological properties of
the system have not yet been discussed for the case where
spin-orbit interaction is taken into account.
In this letter, we show new explicit examples of systems
with trivial Z2 indices and Dirac nodal lines.
It is worth noting the effect of spin-orbit interaction. When
the spin-orbit interaction is taken into account in the above
systems with Dirac nodal lines, it has not been clarified what
kinds of states are realized. However, it will be natural to ex-
pect that a Z2 trivial semimetal or insulator would be real-
ized. In the following, we will show that there are some ex-
amples where a Dirac nodal line system becomes a Z2 trivial
insulator, and particularly a topological crystalline insulator
in the presence of spin-orbit interaction. It has been shown
that a topological crystalline insulator10) has a trivial Z2 index
but a topological non-trivial gapless surface state. Their sur-
face states are protected by their crystal symmetries such as
mirror symmetry. One well known example of a topological
crystalline insulator is SnTe,11, 12) which has an inverted band
structure and strong spin-orbit interaction. Therefore, when
the spin-orbit interaction is absent, SnTe is a candidate mate-
rial with a Dirac nodal line. The related material SnSe is also a
candidate. SnSe has been theoretically suggested to be a topo-
logical crystalline insulator.13) However, for a case without
spin-orbit interaction, the topological properties of the system
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have not been well studied, especially from the perspective of
a Dirac nodal line. In the following, we focus on SnTe and its
related material SnSe. We use first principles calculations to
determine the band dispersions of SnTe and SnSe. As a result,
we show that Dirac nodal lines exist in Z2 trivial face centered
cubic (f.c.c.) SnSe.We construct an effective model represent-
ing the Dirac nodal line based on the k·p method, and discuss
the Berry phase and a surface state expected from the Dirac
nodal line.
All of the following calculations are performed using
Quantum ESPRESSO,14) which uses the plane wave density
functional theory. For the exchange correlation term, gen-
eralized gradient approximation (GGA) with non-relativistic
Perdew-Burke-Ernzerhof15) parametrization is used.
First, we calculate the band structure of SnTe. For the lat-
tice constant, we use a0 = 6.313 Å, which was used in the
previous study.16) We find that band inversion does not occur
in SnTe without spin-orbit interaction.When the spin-orbit in-
teraction is taken into account, the band energies are shifted,
and the band inversion takes place. However, we do not study
SnTe further because we wish to focus on a system in which a
band inversion occurs without spin-orbit interaction. For this
purpose, f.c.c. SnSe is a good platform.
Although Ag1−xSn1+xSe2 is attracting attention as a su-
perconductor17–20) and thermoelectric material,20–23) we focus
on its topological properties. The results of an X-ray experi-
ment17) show that the crystal structure of Ag1−xSn1+xSe2 is
f.c.c. (space group Fm3¯m, no. 225) for 0 < x < 0.24. The
relation between the lattice constant (a0) and x is given by
a0 = 5.680 + 0.290x [Å]. For x > 0.24, the f.c.c. structure
is unstable. When x = 1, i.e., in the case of SnSe, the crystal
structure is known to be a TlI structure (space group Cmnm,
no. 63), which is different from the f.c.c. structure. However,
in order to focus on a Dirac nodal line, we assume the f.c.c.
structure even for 0.24 < x < 1.
In the following, we show the results for SnSe. We use a
slightly smaller a0 than the previous study (a0 = 5.99Å), but
the result is consistent. The orbitals in each atom are deter-
mined by the pseudo potential. We use the 4s, 4p, and 3d
orbitals for Se, and the 5s, 5p, and 4d orbitals for Sn. Non-
equivalent 6273 k-points in the first BZ are used in our band
and density of states (DOS) calculations. To confirm the ac-
curacy of the calculations, we check the results with 897 k-
points and find that the difference is negligible.
Figure 1(a) shows the total DOS without spin-orbit inter-
action. Figures 1(b) and (c) show the partial DOS of the s, p,
and d orbitals in Sn and Se, respectively. Figure 1(d) shows
the band dispersion of f.c.c. SnSe, with the k-point path in
the reciprocal lattice space shown in Fig. 2. By comparing the
partial DOS of Figs. 1(b) and (c) with the band dispersion, we
find that three bands between -6.0 eV and 0 eV (Fermi en-
ergy) mainly originate from the Se 4p orbital, and three bands
between 0 eV and 4.0 eV are mainly obtained from the Sn 5p
orbital.
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Fig. 1. (Color Online) (a) Total density of states (DOS) of SnSe. (b)(c) The
partial DOS of the s (red line), p (green line), and d (blue line) orbitals in (b)
Sn and (c) Se. (d) Band dispersion of f.c.c. SnSe. The k-point path in the
reciprocal lattice space is shown in Fig. 2.
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Fig. 2. (Color Online) Path of k-point in reciprocal lattice space.
It is clear that there is a band crossing the W-L line. As
shown in Fig. 2, the W-L lines are located on the hexagonal
parts of the BZ surface. By considering the O5
h
symmetry of
the f.c.c. lattice, it is found that six band crossings exist on a
hexagonal surface.
Next, we clarify the origin of the band crossing by studying
the irreducible representation of the wave function for each
band. Figure 3 shows the band dispersion around the L-point
and the irreducible representation of each band. The symbols
D2d, C2, D3d, and C1h on the upper side indicate the point
groups of the corresponding k-points with Schoenflies nota-
tion. The irreducible representations of the bands, Γ1, etc., are
determined on the basis of these symmetries.
In general, when two bands with different irreducible repre-
sentations cross, there is no hybridization between them, and
thus no band repulsion occurs. This happens on the L-W line,
as shown in the right panel of Fig. 3. In contrast, on the L-U/K
2
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Fig. 3. (Color Online) Band dispersion around L-point without spin-orbit
interaction. The irreducible representation of each band is also shown. The
characters (D2d , C2 , D3d , and C1h) represent the point groups of the corre-
sponding k-points. The right panel shows the expansion near the L-point.
line, the irreducible representations of wave functions have
the same Γ1. Therefore, there is a small band repulsion (the
right panel of Fig. 3).
Let us discuss whether the band crossing on the L-W line
is a point node or part of a line node. As described in the in-
troduction, in a system with the inversion and TR symmetries
and without spin-orbit interaction, the point nodes cannot ex-
ist, and the band crossings must be a part of a nodal line.1, 9)
Because f.c.c. SnSe satisfies these conditions, the band cross-
ing on the W-L line must be a part of a nodal line. Actually,
we find that the Dirac nodal line exists at the Fermi level
on a hexagonal surface of the BZ, as shown in Fig. 4. Be-
cause there are four non-equivalent hexagonal surfaces per
BZ, there are four non-equivalent Dirac nodal lines per BZ,
as shown in Fig. 4(a). Here, ”non-equivalent” means that the
two surfaces (Dirac nodal lines) are not connected by a recip-
rocal lattice vector. As shown in Fig. 4(b), the nodal line pen-
etrates the surface of the BZ right on the W-L line (shown by
straight solid lines) and does not touch the L-U/K line (shown
by straight dashed lines). Although the degenerate point on
the W-L line is protected by C2 symmetry, the Dirac nodal
line itself is robust against C2 symmetry breaking perturba-
tion, as long as inversion symmetry exists. This is explained
later in the discussion on the Berry phase.
We calculate the Z2 index for f.c.c. SnSe and find that
the Z2 index is trivial, i.e., (0;000). Here, we explain why
the Dirac nodal line exists even with a trivial Z2 index. The
eight TRIM in the BZ of the f.c.c. structure consist of one
Γ-point, three X-points, and four L-points. In SnSe, band in-
version occurs around the L-points, and the nodal lines also
appear around the L-points. Band inversion on an L-point
changes the sign of the product of the inversion eigenvalues
(see TableI). Note that the Z2 indices for weak topological
insulators νi (i = 1, 2, 3) are defined as the products of four
TRIM. Those TRIM are composed of two X-points and two
L-points, as listed in TableII. Because each index consists of
(a) (b)
Fig. 4. (Color Online) All axis labels are wave numbers k: (a) BZ of f.c.c.
and Dirac nodal lines (red, green, orange, and light blue circles). A dashed
line is equivalent to a solid one with the same color. There are four non-
equivalent Dirac nodal lines per BZ. (b)Details of the shape of the Dirac nodal
line. The blue plane represents the hexagonal surface of BZ. The red line is
the Dirac nodal line. The perpendicular to the surface has been magnified 10
fold. It penetrates the surface of the BZ right on the W-L line (solid line) and
does not touch the L-U/K line (dashed line).
Table I. Product of inversion eigenvalue of each TRIM without and with
band inversion. ”Without band inversion” means all of the irreducible repre-
sentations of the valence band originate from the Se 4p orbital. ”With band
inversion” means the valence and conduction bands are inverted on the L-
point, as can be seen in our results for SnSe.
without band inversion with band inversion
point
inversion
eigenvalue point
inversion
eigenvalue
Γ 1 Γ 1
X 1 −→ X 1
L -1 L 1
an even number of L-points, i.e., 4 or 2, the sign of the in-
version eigenvalue of the L-point has nothing to do with the
Z2 index. In the case of Z2 non-trivial systems, Dirac nodal
lines exists around band inverted points, and the band inver-
sion changes the Z2 index. However, in f.c.c. SnSe, the band
inversion occurs at even points, and thus the Z2 index is not
changed.
This trivial Z2 index can also be explained in terms of the
time-reversal invariant loop. An example of the TR invariant
loop that corresponds to νi (i = 1, 2, 3) is shown in Fig.5.
The TR loop goes through the two non-equivalent L-points.
Here, ”non-equivalent” means that the two L-points are not
connected by a reciprocal lattice vector and each L-point is
surrounded by a nodal line. Because the loop goes through the
two non-equivalent L-points, we can understand that the TR
loop is penetrated by two nodal lines. Thus, the Berry phase
for this loop is π + π = 2π or π − π = 0, and thus the Z2 index
is trivial.
So far, we find that the TR loop is penetrated by two Dirac
nodal lines, and thus they cannot be characterized by the Z2
index. Next, we check whether a single Dirac nodal line has
3
J. Phys. Soc. Jpn.
Table II. Components of TRIM for each index. ν0 is written as a product
of all eight TRIM. The other three νi are written as products of four TRIM:
X, X, L, and L.
Z2 index calculated TRIM
Γ
ν0 X, X, X
L, L, L, L
ν1
ν2 X, X, L, L
ν3
L
X
L
X
X
X
Fig. 5. (Color Online) Time-reversal invariant loop that corresponds to ν1.
Parallelogram X, (L) X, X, (L) X is time-reversal invariant loop. The dashed
arrows in the parallelogram exist outside the BZ, and an equivalent path in the
BZ is also shown by isolated dashed arrows. The blue arrows are not time-
reversal invariants. However, the two blue edges are equivalent, with opposite
directions, so they cancel each other and do not contribute to the Z2 index.
topological properties. Using an effective model, we will cal-
culate the Berry phase for a loop that is penetrated by a single
nodal line. First, we construct a 7 × 7 tight-binding model us-
ing the Slater–Koster’s method,24) with the 5s and 5p orbitals
for Sn and the 4p orbital for Se. Based on this tight-binding
model, we derive a 2 × 2 effective model using the k · p per-
turbation. As a result, we obtain an effective model for calcu-
lating the Berry phase given by
Heff =
[
ǫ + λk2⊥ + ζ(k
2
1 + k
2
2)
]
σ0
+
[
ǫ′ + λ′k2⊥ + ζ
′(k21 + k
2
2)
]
σz (1)
+ξk⊥σx,
where σ0 is an identical matrix, k⊥ is the unit vector in the k-
space with the [111] direction, and k1, k2 are the other two unit
vectors perpendicular to k⊥. The parameters are determined as
follows: ǫ = −0.006, λ = 0.105, ζ = −0.010, ǫ′ = 0.214, λ′ =
−0.147, ζ′ = −0.126, andξ = −0.634. For this 2 × 2 Hamilto-
(a)
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Fig. 6. (Color Online) (a)Nodal line (red) and path (black OABCD) for
calculating Berry phase. (b)Path of d-vector in d-space, dx − dz plane. Each
point of OABCD corresponds to those of OABCD in (a). The origin (red
point) corresponds to the nodal line. Path OABCD encircles the origin.
nian written using the Pauli matrices, we can define d-vector
as
Heff = d0(k)σ0 + d(k) · σ. (2)
The eigenvalues of this Hamiltonian are given by E(k)± =
d0(k) ± |d(k)|. The Dirac nodal line satisfies E(k)+ =
E(k)− ⇔ |d(k)| = 0. By solving these equations, we can see
that the Dirac nodal line exists on the line satisfying k⊥ = 0
and k21 + k
2
2 = |ǫ
′/ζ′|.
Using this effective Hamiltonian, the Berry phase is eas-
ily calculated as a winding number of the d-vector.25) We use
a square loop, which is shown in Fig.6(a). The radius of the
Dirac nodal line (red line) is
√
|ǫ′/ζ′|. We assume that k1 is
larger than
√
|ǫ′/ζ′| on the BC edge in Fig.6(a). As a result,
this loop is penetrated once by the Dirac nodal line. From eq.
(1), d(k) is calculated explicitly. Because the coexistence of
the TR and inversion symmetries requires dy(k) = 0, the d-
vector is on the dx − dz plane. Because ǫ′ > 0, λ′ < 0, and
ζ′ < 0 as a result of the k·p perturbation, the d-vector path for
the loop OABCD is shown in Fig.6(b). Then, we can show
that the parabolic curve BC in Fig.6(b) exists in the dz < 0
area. Because the d-vector path surrounds the origin of the d-
space, the winding number is one. This calculation confirms
that the single nodal line in our Z2 trivial system gives the π
Berry phase. We also discuss the effect of the C2 symmetry
breaking perturbation. The C2 symmetry breaking perturba-
tion can change the d-vector. However, when inversion sym-
metry is kept, the d-vector is still confined on the dx−dz plane,
and the winding number is well-defined. Because a small per-
turbation cannot change the winding number, the Dirac nodal
line and its π Berry phase are robust against the C2 symmetry
breaking perturbation.
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Fig. 7. (Color Online) Band dispersion around L-point with spin-orbit in-
teraction and gap. The irreducible representation of each band is also shown.
They are the same as those of the previous study.13)
The qualitative effect of spin-orbit interaction is easily un-
derstood. The band dispersion with spin-orbit interaction is
shown in Fig.7. We can see that the band dispersion is gapped,
and its direct gap is approximately 0.2 eV. As described in the
introduction, SnSe is known to be a topological crystalline in-
sulator with a mirror Chern number of -2.13) Because of the
irreducible representation and band gap, we can see that our
result is consistent with that of the previous study.
A surface state can be derived using the effective model of
eq. (1). First, we neglect the σ0 term because it only shifts
the energy eigenvalues. To discuss the surface state, we fo-
cus on the (111) surface. Then, we can replace k⊥ with −i∂⊥,
and we assume that r⊥ = +∞ is outside of the crystal. The
k2⊥ term requires a more complicated treatment. We replace it
with a smooth function ∆(r⊥), which satisfies the following
conditions. Comparing the sign of the σz term from the bulk
Hamiltonian (1), ∆(r⊥) must satisfy ∆(r⊥) = 0 for r⊥ = −∞
and ∆(r⊥) < −ǫ′ for r⊥ = +∞. As a result, an effective Hamil-
tonian is written as follows:
Hsur = −iξ∂⊥σx +
[
∆(r⊥) + ǫ′ + ζ′(k21 + k
2
2)
]
σz. (3)
The Hamiltonian of eq. (3) is well known as the Jackiw–Rebbi
problem.26) It is known that an eigenstate with E = 0 ex-
ists, which is localized around the point satisfying the condi-
tion, ∆(r⊥) + ǫ′ + ζ′(k21 + k
2
2) = 0. By definition, this point
exists around the surface, and we can see that this local-
ized state is the surface state. Because this surface state re-
quires the existence of a point that satisfies the condition of
∆(r⊥) + ǫ′ + ζ′(k21 + k
2
2) = 0, this surface state emerges inside
the nodal line (Fig.8). This kind of surface state is sometimes
called a ”drumhead”-like surface state and is a typical surface
state of a system with Dirac nodal lines.
In conclusion, we found by a first principles calculation that
a Dirac nodal line emerges in f.c.c. SnSe, which has a trivial
Z2 index in the absence of spin-orbit interaction. The trivial
Z2 index comes from the fact that even L-points are contained
Fig. 8. (Color Online) Bulk states (green and blue) and surface state (red).
Purple square shows reciprocal space on surface and red ring shows nodal
line on it. In fact, there are many bulk states, and two band directly making
nodal lines are selected. Surface state (red) exists inside nodal line.
in the BZ. We also showed that the single nodal line gives
the π Berry phase and a ”drumhead”-like surface state exists,
as generally expected for a Dirac nodal line. The situation is
similar to the emergence of a topological crystalline insulator.
However, the relation between the mirror Chern number
and nodal line in f.c.c. SnSe was not revealed in this letter.
The same situation, i.e., an even number of high symmetry
points with the same symmetry in the BZ, can give a Dirac
nodal line in the Z2 trivial system. For example, a body cen-
tered tetragonal system such as space group no. 139 is one of
the candidates. Finding easy methods to find the Dirac nodal
lines in Z2 trivial systems and classify them remains as future
work.
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